Permafrost dynamics play an important role in high-latitude peatland carbon balance and are key 38 to understanding the future response of soil carbon stocks. Permafrost aggradation can control 39 the magnitude of the carbon feedback in peatlands through effects on peat properties. We 40 compiled peatland plant macrofossil records for the northern permafrost zone (515 cores from 41 280 sites) and classified samples by vegetation type and environmental class (fen, bog, tundra 42 and boreal permafrost, thawed permafrost). We examined differences in peat properties (bulk 
peatlands was similar to permafrost-free fens, while boreal permafrost peatlands more closely 48 resembled permafrost-free bogs. Nitrogen content in boreal permafrost and thawed permafrost 49 peatlands was significantly lower than in permafrost-free bogs despite similar vegetation types 50 (0.9% versus 1.5% N). Median long-term C accumulation rates were higher in fens (23 g C m -2 51 y -1 ) than in permafrost-free bogs (18 g C m -2 y -1 ), and were lowest in boreal permafrost peatlands 52 (14 g C m -2 y -1 ). The plant macrofossil record demonstrated transitions from fens to bogs to 53 permafrost peatlands, bogs to fens, permafrost aggradation within fens, and permafrost thaw and 54 re-aggradation. Using data synthesis, we've identified predominant peatland successional 55 the mean %C values from Loisel et al. [2014] . Bulk density was not filled for boreal or tundra 246 permafrost soils for depths greater than 50 cm due to error arising from variable ice content. 247
Estimated bulk density and C content were used for the calculation of C density for C 248 accumulation rates but gap-filled data points (n= 416) were excluded from the analysis of peat 249
properties (Table S5, S6 ). These efforts resulted in a record of C accumulation rates from 147 250 cores across 80 sites; however, many of these cores had poorly constrained peat accumulation 251 rates due to low frequency or sporadic dating of peat horizons. We set a minimum threshold of 252 one date per thousand years (Loisel et al., 2014) , which resulted in 80 cores from 40 sites and 253
represents an additional 48 cores within the pan-arctic permafrost and boreal regions from the 254 previous synthesis effort (Loisel et al., 2014) . Median C accumulation rates are calculated based 255 on samples older than ca. 1000 cal. y BP to minimize the artifact of mixing peat that is stabilized 256 in the catotelm versus undergoing continued decomposition in the acrotelm, whereas recent 257 median C accumulation rates are calculated from samples < 1000 y age. 258
Statistical analysis 259
Means and standard errors are presented for most physical peat properties. Median C 260 accumulation rates are presented due to the presence of outliers that met the chronologic control 261 thresholds but exceeded known rates of productivity [> 200 g C m-2 y-1; Table S3, S4; e.g. 262
Sannel and Kuhry, 2009] . The C accumulation rates were not normally distributed; median rates, 263 1 st and 3 rd quantiles (Q1 = 25%, Q3= 75% percentiles) of the C accumulation rates are reported, 264 while the natural log-transformed data were used in the statistical analysis to improve normality. 265
Mixed-effects modeling was used to test for statistical differences in peat properties and C 266 accumulation rates among vegetation types and environmental classes. Core, age, and depth were 267 included as random effects for both dependent variables. Vegetation type was included as an 268 additional random effect in the analysis for differences among environmental classes to account 269 for effects of vegetation type. Mixed-effects modeling was necessary because of the bias 270 introduced from having multiple samples from the same core, to account for the effects of peat 271 depth and age resulting from physical and decomposition processes, and to account for 272 differences in vegetation types within the environmental classes. We implemented the mixed 273 effects model using the lmer command from the lme4 package [Bates, 2010] 
Peat properties 280
Peat properties (organic matter content, C, N, and C/N mass ratios) differed significantly among 281 different vegetation types (Table 1) . Organic matter content was generally > 85% per gram dry 282 weight across all vegetation types, with the exception of limnic peat, which was 77 ± 7% (sd) 283 organic matter (Table 1 ; P < 0.0001). The mean C content of organic matter was 49.5% and did 284 not differ significantly among vegetation types (Table 1 ). Bulk C content was generally greater 285 than 42% C per gram dry mass except in limnic peat (39%) and amorphous peat (37%; Table 1 ; 286 P < 0.0001). The mean N content of organic matter ranged from 1.0 ± 0.5% in Sphagnum 287 vegetation types to 2.2 ± 1.0% in limnic peat, with a mean of 1.6 ± 0.9% among all vegetation 288 types. N content was significantly higher in herbaceous peat (1.8 ± 0.7% per gram dry mass) 289 than in Sphagnum-dominated peat (0.9 ± 0.4%; Table 1 ; P < 0.0001). Differences in bulk density 290 among vegetation types were not statistically significant after accounting for differences among 291 cores, depths, and ages using mixed effects modeling (Table 1 ). The C/N ratio was lowest in the 292 amorphous peat (30) and limnic peat present at the initial stages of peat formation in many cores 293 (31) and was approximately double in Sphagnum and lichen-dominated vegetation types (62; 294 Table 1 ; P < 0.0001), likely reflecting the differences in initial C/N ratios among taxa and 295 decomposition effects. 296
Peat properties differed significantly among different environmental classes even after 297 accounting for differences in vegetation types (Table 2 ). The C/N ratio was significantly higher 298 in boreal permafrost peatlands (67) and thawed permafrost peatlands (53) than all other 299 environmental classes, and 40 -80% higher than the C/N of bogs (Table 2; Figure 5a ; P < 300 0.0001). C/N remained higher in boreal permafrost and permafrost thaw environmental classes 301 with age ( Figure 5a ). Organic matter content was greatest in bogs (97%) but similar among all 302 other types (91%) except for the open water environmental class (74%; Table 2; P < 0.0001). 303
Mean C content in organic matter was lowest in thawed permafrost (47 ± 2%), followed by 304 boreal and tundra permafrost (48%), bogs (49 ± 4%), and fens (51 ± 5%). Mean N content in 305 organic matter was lowest in thawed permafrost (0.8 ± 0.3%), followed by boreal permafrost (0.9 306 ± 0.9%), bogs (1.1 ± 0.4%), tundra permafrost (1.7 ± 0.8%), and fens (2.4 ± 1.1%). Bulk C 307 content was significantly higher in bogs, fens, and boreal permafrost environmental classes 308 (mean: 47%, respectively) than in other tundra permafrost and thawed permafrost (Table 2; P < 309 0.0001). Bulk N differed significantly among environmental classes (Table 2; Figure 5b ). N 310 contents in fens were higher than all other classes (1.9 ± 0.7%), followed by bogs (1.6 ± 0.7%). 311 N contents in tundra permafrost were significantly lower (1.4 ± 0.6%), but were still significantly 312 larger than boreal permafrost and thawed permafrost environmental classes (0.9 ± 0.4%; Table 2 ; 313 Figure 5b ; P < 0.0001). Low N in boreal permafrost and thawed permafrost environmental 314 classes persisted with age ( Figure 5b ). Bulk density did not differ significantly among 315 environmental classes (Table 2) . 316
Ecosystem dynamics in permafrost peatlands 317
The relative frequency of the dominant peat vegetation type varied between boreal and tundra 318 permafrost environmental classes (Figure 3 ). Ligneous vegetation types were common in boreal 319 and tundra permafrost environmental classes (20% and 25%, respectively), although 320 macrofossils from trees were common in boreal permafrost, whereas ericaceous shrubs were 321 common in tundra permafrost. Sphagnum was the primary vegetation type found in the boreal 322 permafrost ecosystems (> 50%), while it was less common in tundra permafrost ecosystems (< 323 30%; Figure 3 ). Herbaceous (23%) and brown mosses (12%; including species from both tundra 324 hummocks and wet depressions) vegetation types were the other common components of tundra 325 permafrost ecosystems. 326
Our interpretation of environmental class based on plant macrofossil assemblages (Figure 2 ) 327 showed that permafrost aggraded in 72% of boreal cores and 97% of tundra cores, based on our 328 assumption of permafrost-free conditions when macrofossil assemblages were ambiguous. 329
Twenty-five percent of cores with permafrost layers in the boreal zone showed evidence of 330 permafrost thaw (Figure 4 ), based on an abrupt transition to herbaceous and Sphagnum species 331 tolerant of wetter conditions (Figure 2 ). Subsequent permafrost re-aggradation occurred in 21% 332 of these cores. A maximum of 18% of tundra cores showed evidence of permafrost thaw based 333 on the increase in species indicative of wetter conditions in previously dry conditions, but more 334 than half of these re-aggraded permafrost (62%; Figure 4) . 335
Using environmental classifications obtained from the macrofossil assemblages (Figure 2 ), a 336 majority of cores showed transitions among the different environmental classes (Figure 4) . Open 337 water preceded peat accumulation in 30% of all cores; of these cores, 85% subsequently 338 transitioned to fens while 6% transitioned directly to bogs and 9% aggraded syngenetic 339 permafrost (permafrost aggradation concurrent with peat accumulation). The later occurred 340 nearly exclusively in drained thaw lake basins. The majority (nearly 80%) of all cores were 341 characterized by fen vegetation at some depth within the core (Figure 4 ). Of these fen sites, 55% 342 transitioned to permafrost-free bogs, 38% aggraded permafrost, and 7% remained fens. 343
Aggradation of permafrost in fens was more common in tundra than boreal biomes (24% and 344 14%, respectively). A bog stage was present in 51% of cores. Permafrost aggraded in 54% of 345 bog cores, while 31% of bog cores transitioned back to fens, and the final 15% remained 346 permafrost-free bogs. 347
Peat and carbon accumulation rates 348
In addition to differences in peat properties among vegetation types, rates of C accumulation also 349 For example, the transition to Sphagnum-dominated peat is commonly associated with 378 ombotrophic transition to bogs [Vitt, 2006] but can also be associated with the oligotophic 379 conditions found in fens. Distinguishing between these two environmental classes can be 380 accomplished by identifying Sphagnum species (spp.) to the section level [Laine et al., 2011] , or 381 using the macrofossil vegetation assemblage as a whole. Similarly, individual species found in 382 present-day permafrost peatlands, such as Sphagnum fuscum and Picea mariana, are also found 383 in dry, unfrozen bogs [Camill et al., 2009] . Therefore, it is important to carefully consider the 384 vegetation assemblage, including moss species, as a whole and the regional context [ Throughout the Holocene, permafrost aggradation and thaw were common processes in boreal 410 and tundra peatlands within the permafrost zone. Permafrost aggradation occurred in ~ 70% of 411 boreal and 97% of tundra cores that we analyzed from the modern permafrost zone. While 412
Sphagnum moss presence has been cited as a factor promoting permafrost aggradation within 413 bog hummocks, especially in more southern permafrost regions [Camill et al., 2009; Zoltai, 414 1995; Zoltai and Tarnocai, 1975] , Sphagnum presence was not required for permafrost formation 415 at higher latitudes in our study and was less common in tundra permafrost than boreal permafrost 416 (Figure 3) . Permafrost thaw occurred in 25% of boreal and 12% of tundra cores. Most of the 417 permafrost thaw in the tundra occurred in the discontinuous permafrost zone, and, following 418 thaw, more cores in tundra re-aggraded permafrost than in boreal zones (62% in tundra vs. 21% 419 in boreal; Figure 4 ). Repeated cycles of permafrost aggradation and thaw have previously been 420 described at two sites in Western Canada in the isolated permafrost zone [Zoltai, 1993] [Oksanen et al., 2001; . Single events of permafrost thaw followed by 425 permafrost re-aggradation were more common in this study zone (16 additional sites). While it 426 appears that the cyclical pattern of multiple permafrost thaw and re-aggradation events was rare 427 in peatlands within the permafrost zone, material from thawed areas may be poorly preserved 428 and best identified using techniques such as chemical biomarkers [Ronkainen et al., 2015] . 
Effects of permafrost aggradation on peat properties 447
The effects of permafrost aggradation on peat properties is somewhat difficult to discern because 448 peat properties differed significantly between boreal and tundra permafrost environmental 449 classes. The boreal permafrost environmental class had higher organic matter content (92 and 450 72%, respectively), higher C/N ratios (67 and 34, respectively; Figure 5a ), but significantly 451 lower N content (0.9 and 1.4%, respectively; Table 2; Figure 5b ) and lower rates of C 452 accumulation compared with tundra permafrost (median: 14 and 108 g C m -2 y -1 for boreal and 453 tundra permafrost, respectively),. This could reflect differences in vegetation type (Figure 3 ; 454 Table 1 ) [Kuhry and Vitt, 1996] 3) and mean C/N ratios for those vegetation types (Table 1) , we predict higher C/N ratios for 482 tundra permafrost (41) than fens (36) based on vegetation differences. Accordingly, due to the 483 higher frequency of Sphagnum peat in bogs (Figure 3) , we predict that C/N ratios in bogs should 484 be higher than the boreal permafrost environmental class (bog = 57 and boreal permafrost = 49), 485 but this is not the case (bog = 37 and boreal permafrost = 67). Decomposition lowers C/N ratios 486 in peat [Kuhry and Vitt, 1996] . Higher C/N ratios in permafrost peats than permafrost-free peats, 487 especially in older peat (Figure 5a we are unable to directly evaluate these mechanisms, although the differences in C/N ratios 510 among environmental classes support the hypothesis of limited decomposition in permafrost 511 peats. 512
Effects of permafrost aggradation on apparent C accumulation rates 513
Permafrost aggradation and thaw changes C accumulation rates (Figure 6a ) as well as peat 514 properties (Table 2) . Boreal and tundra permafrost peatlands had significantly different rates of C 515 accumulation, but the magnitude of change associated with permafrost aggradation also differed 516 when compared to environmental classes with similar vegetation types but without permafrost. 517
Greater C accumulation rates occurred in tundra permafrost than fen environmental classes, 518 while C accumulation rates were lower in boreal permafrost than bog environmental classes. In 519 the short-term, recent C accumulation rates increased following permafrost thaw, although C is 520 also simultaneously lost from deeper soils. At several sites included in this study, syngenetic 521 permafrost aggradation limited decomposition and resulted in high C accumulation rates at depth 522 
Limitations to reconstructing ecosystem and climate dynamics 526
Reconstruction of ecosystem dynamics requires more detailed macrofossil analysis than is 527 common in many descriptions of core lithologies. Using the lithology or vegetation type to 528 determine the environmental classification can be problematic because of the frequent presence 529 of Sphagnum peat among different environmental classes (Figure 3) . Therefore, the transition to 530
Sphagnum-dominated peat cannot be used as a proxy for the fen-bog transition without 531 consideration to the other common indicators of ombotrophy [Laine et al., 2011] . The 532 environmental classification in this study uses plant macrofossil assemblages along with other 533 physical and biological indicators rather than simply the surface vegetation or vegetation type, 534 which can be ambiguous and change through time [ Figure 4 ; Yu et al., 2013] . 535
Determining the timing of permafrost aggradation can require multiple lines of evidence. Using 536 temporal changes in the plant macrofossil composition and shifts in assemblages is the most 537 widespread and reliable but requires caution due to overlapping habitats among species. Several 538 common macrofossils are found in multiple environmental classes and make discerning the onset 539 of permafrost aggradation difficult [Camill et that N content could be used as an additional proxy of permafrost aggradation. Our analyses 547
show significantly lower N content in peat deposited following permafrost aggradation; these 548 differences persist over time (Figure 5b ). Using > 3000 measurements from 90 peat profiles 549 across the pan-arctic, N content in boreal permafrost and tundra permafrost environmental 550 classes was significantly lower than in permafrost-free peats with similar vegetation (Figure 5b) . 551
While C/N ratios showed similar trends, the variability in N content was smaller than variability 552 in C/N ratios, making this metric more useful ( The interpretation of climate dynamics from peatland records of permafrost aggradation and 559 thaw is difficult due to the combination of autogenic processes, local factors and regional 560 climate. Regional differences in climate, glacial history, and geomorphology affect peatland 561 development and permafrost history [Ellis and Rochefort, 2004; Nicholson et al., 1996] . For 562 example, the history of two arctic regions differs greatly. Peat in many tundra permafrost 563 peatlands in Western Canada accumulated during warmer and wetter climatic conditions [e.g. 564
Tarnocai Zoltai, 1995] m e a n s d n m e a n s d n m e a n s d n m e a n s d n m e a n s d n m e a n s d n Table  S2. 900 Table 2 . Mean peat properties, standard deviation (sd), and number of samples (n) among environmental classifications, including 901 
